INTRODUCTION
Isoquinolines are a very important kind of compounds because of the following reasons. First, isoquinoline alkaloids are widely spread in nature and have been isolated from many natural resources.
1 Second, isoquinoline alkaloids and their synthetic congeners have shown a broad spectrum of bioactivities. 2 Third, isoquinolines have been used as versatile intermediates in comprehensive organic transformations.
3 Fourth, chiral isoquinoline ligands and N-oxides have been successfully used in asymmetric catalysis. 4 Fifth, isoquinolines or their metal complexes have also been used as various functional materials. 5 In view of the abovementioned wide utilities of isoquinolines in drug discovery, organic chemistry, and material science, development of new methods for the synthesis of isoquinolines is of considerable interest and has already attracted much attention from many chemists in the recent years. 6 Because 1,2,3,4-tetrahydroisoquinolines (THIQs) and 3, and PhSSPh. 17 To overcome these drawbacks, development of an efficient, mild, and eco-friendly method for the conversion of THIQs and DHIQs to isoquinolines is highly desirable and remains to be a challenging task for organic chemists.
Copper is a cost-effective transition metal with low toxicity, and air (O 2 ) is an eco-friendly clean oxidant. Hence, increasing amounts of copper-catalyzed aerobic oxidation methods for various compounds have been recently developed. 18 Herein, we report an efficient, practical, and very mild method for copper-catalyzed oxidation of THIQs and DHIQs using air (O 2 ) as the clean oxidant.
RESULTS AND DISCUSSION
At first, we attempted to find out the optimized reactions for the Cu-catalyzed oxidative conversion of THIQs to isoquinolines. With the oxidative conversion of 1-phenyl-6,7-dimethoxy-THIQ 1a to 1-phenyl-6,7-dimethoxy-DHIQ 2a and 1-phenyl-6,7-dimethoxyisoquinoline 3a as the model reaction, we tried the reaction under various conditions, and the results are summarized in Table 1 . As can be seen from Table 1 , a copper catalyst was necessary for the reaction, otherwise no reaction occurred (Table 1 , entry 1). When 20 mol % of CuBr 2 was used as the catalyst and 1, 8-diazabicyclo[5,4,0] undec-7-ene (DBU) was used as the base, the reaction occurred in dimethyl sulfoxide (DMSO) to produce DHIQ 2a in high yield, but only trace amount of desired isoquinoline 3a was detected (entries 2 and 3). If a strong base such as NaOEt or NaOMe was further added, the reaction took place smoothly at 25°C to afford the desired isoquinoline 3a in high yield (Table 1 , entries 4 and 5). Other copper salts including CuCl 2 , Cu(OAc) 2 , CuCl, CuBr, CuSO 4 , and Cu 2 (OH) 2 CO 3 have also been tested as a catalyst (entries 6−11), and it was found that CuBr 2 is the best catalyst for the reaction. Other amines such as 1,5-diazabicyclo [4, 3, 0] non-5-ene (DBN), 4-dimethylaminopyridine (DMAP), pyridine, and Et 3 N have been tested as the base (entries 12−15) for the first step (from 1a to 2a), and it was found that DBU worked better than the other amines. A very strong base (NaOMe or NaOEt) seems to be necessary for the second step (from 2a to 3a) because weak bases almost did not work (see Table 1 , entries 3, 17 and 18). Several other solvents such as N,Ndimethylformamide (DMF), acetonitrile, ethanol, tetrahydrofuran, and 1,2-dimethoxyethane (DME) have also been tested as the solvent for the reaction (entries 19−23), and it was observed that DMSO is the most appropriate solvent here. If less than 2.0 equiv of bases was used, the reaction became slower. When the reaction temperature was increased (35−80°C ), the yield of the desired product 3a decreased significantly (see Table 1 , entries 24−28).
Next, to know the scope of the reaction, we have attempted Cu-catalyzed aerobic oxidation of variously substituted THIQs 1, which were prepared from corresponding amines and aldehydes via Pictet−Spengler reaction. A total of 25 THIQs 1a−y have been tested for the reaction using either method A or method B (see footnote of Table 2 ), and the results are summarized in Table 2 . As can be seen from the Table 2 , the scope of the reaction is wide; it could be applicable to substrates with various substituents to afford the desired isoquinolines 3a−y in high yields. CuBr 2 (20 mol %) was used as the catalyst and DMSO was used as the solvent in all cases. Method A and method B were used for different types of THIQs 1 according to the different patterns of substituents (R 1 and R 2 ). When method A was used for CuBr 2 -catalyzed oxidation of THIQs 1a−l, the desired isoquinolines 3a−l could be obtained in high yields. If method B was used for CuBr 2 -catalyzed oxidation of THIQs 1a−l, intermediate compounds DHIQs 2a−l were obtained as the major product and the further oxidation of these intermediate compounds 2a−l to isoquinolines 3a−l was sluggish even at an elevated temperature (45−80°C). When method B was used for CuBr 2 -catalyzed oxidation of THIQs 1m−y, the reaction took place smoothly to afford isoquinolines 3m−y in high yields. It was observed that the presence of electron-withdrawing ester f The yields were determined by gas chromatography−mass spectrometry. groups (CO 2 Me or CO 2 Et) at C-1 or C-3 positions of THIQs 1m−1y has almost no effect on the first step (from 1m−y to 2m−y) of the reaction but it could dramatically speed up the second step (from 2m−y to 3m−y) of the reaction. Notably, only trace amounts of intermediate compounds 2m−y were detected by careful thin-layer chromatography (TLC) analysis during the CuBr 2 -catalyzed oxidative conversion of THIQs 1m−y to isoquinolines 3m−y. Subsequently, we attempted Cu-catalyzed aerobic oxidation of variously substituted DHIQs 2, which were prepared from corresponding amides via Bischler−Napieralski cyclization. A total of 15 DHIQs 2 have been tested for the reaction using either method C or method D (see footnote of Table 3) , and the results are summarized in Table 3 . As can be seen from the Table 3 , CuBr 2 (20 mol %) was used as the catalyst and DMSO was used as the solvent in all cases. Method C and method D were used for different types of DHIQs 2 according to the different patterns of substituents (R 1 and R 2 ). Method C (with a strong base) was used for CuBr 2 -catalyzed oxidation of DHIQs 2a−d, 2g, 2h, and 2j, which do not contain an electron-withdrawing group; method D (with a weak base) was used for CuBr 2 -catalyzed oxidation of DHIQs 2m, 2n, 2q, 2t, 2u, 2v, 2x, and 2y, which contain an electron-withdrawing group at C-1 or C-3. The desired isoquinolines 3 could be obtained in high yields in all cases.
ACS Omega
A possible mechanism for the CuBr 2 -catalyzed oxidation of THIQs 1 and DHIQs 2 to isoquinolines 3 was proposed in Scheme 1. As can be seen from Scheme 1, THIQs 1 would first undergo CuBr 2 -catalyzed aerobic oxidation of C−N single bond to CN double bond to produce DHIQs 2 according to Adimurthy's reports. 19 DHIQs 2 would then undergo basepromoted reversible tautomerization 20 to form enamine intermediates I-A and I-B, which are unstable and would again immediately undergo CuBr 2 -catalyzed aerobic oxidation Method A: THIQs 1 (2 mmol), CuBr 2 (0.4 mmol), DMSO (6 mL), and DBU (4 mmol) at 25°C (inner temperature) under air (O 2 ) for t 1 h and then NaOEt (4 mmol) at 25°C under air (O 2 ) for t 2 h; method B: THIQs 1 (2 mmol), CuBr 2 (0.4 mmol), DMSO (6 mL), and DBU (4 mmol) at 25°C under air (O 2 ) for t h.
b Isolated yields. of C−N single bond to CN double bond to afford isoquinolines 3. The presence of an ester group at the C-1 or/and C-3 positions could promote the formation of enamine intermediates I-A and I-B and would thus allow the use of DBU (a relatively weak base). Otherwise NaOEt (a strong base) should be used.
CONCLUSIONS
In conclusion, we have developed a novel practical method for copper-catalyzed oxidation of THIQs 1 and DHIQs 2 to isoquinolines 3. In this green chemical method, CuBr 2 (20 mol %) was chosen as the catalyst, as it works better than other copper salts; DMSO was selected as the solvent, as it is more appropriate for the reaction than other solvents; and air (O 2 ) was used as a clean oxidant. The method has some advantages such as mildness (25°C), eco-friendliness, with good tolerance of functional groups, ease of the experimental procedure, and high reaction yields. This method might be more cost effective and practical than the known dehydrogenation method 9 which used precious metallic catalysts. This method might also be more benign than the classic known oxidation methods 10−17 which used poisonous and hazardous strong oxidants. It would provide a new general basic approach toward the syntheses of isoquinoline alkaloids and their derivatives.
EXPERIMENTAL SECTION
4.1. General Method.
1 H NMR and 13 C NMR spectra were acquired on a Bruker AM-400 instrument; chemical shifts are given on the δ scale as parts per million (ppm) with tetramethylsilane as the internal standard. IR spectra were recorded with a Nicolet Magna IR-550 instrument. Mass spectra were recorded with an HP1100 LC−MS spectrometer. Melting points were determined on a Mel-Temp II apparatus. Column chromatography was performed on silica gel (Qingdao Ocean Chemical Corp.). All chemicals were analytically pure.
4.2. General Procedure for the Preparation of THIQs 1. 21 2-Aryl ethanamine (5.0 mmol) and aldehyde (6.0 mmol) were dissolved in a mixed solvent of CHCl 3 (4 mL) and trifluoroacetyl (4 mL). The resulting solution was then heated and stirred at reflux for 6−10 h. After the reaction was complete (checked by TLC, eluent: EtOAc/CH 2 Cl 2 = 1:2), the solution was concentrated under vacuum to dryness. The residue was then partitioned between ethyl acetate (50 mL) and an aqueous solution of potassium carbonate (10 w/v %, 25 mL) and the aqueous was extracted again with ethyl acetate (15 mL). The organic extracts were combined and washed twice with brine (2 × 10 mL). After having been dried with anhydrous MgSO 4 , the organic solution was concentrated under vacuum to give crude product, which was purified by flash chromatography (eluent: CH 2 Cl 2 /CH 3 OH = 20:1−10:1) to afford pure THIQs 1 (1a−y) in 65−92% yields. Method C: THIQs 1 (2 mmol), CuBr 2 (0.4 mmol), DMSO (6 mL), and NaOEt (4 mmol) at 25°C under air (O 2 ) for t h; method D: THIQs 1 (2 mmol), CuBr 2 (0.4 mmol), DMSO (6 mL), and DBU (2 mmol) at 25°C under air (O 2 ) for t h.
b Isolated yields. c Method C was used for isoquinolines 3a−d, 3g, 3h, and 3j.
d Method D was used for isoquinolines 3m, 3n, 3q, 3t, 3u, 3v, 3x, and 3y.
General Procedure for the Preparation of DHIQs 2.
22 N-Acyl-2-aryl-ethanamine (5.0 mmol) and POCl 3 (10.0 mmol) were dissolved in toluene (10 mL). The reaction mixture was then heated and stirred at reflux for 5−12 h under an argon atmosphere. After the reaction was complete (checked by TLC, eluent: EtOAc/hexane = 1:2), the solution was concentrated under vacuum to dryness. The residue was then partitioned between ethyl acetate (50 mL) and an aqueous solution of potassium carbonate (15 w/v %, 35 mL) and the aqueous was extracted again with ethyl acetate (25 mL). The organic extracts were combined and washed twice with brine (2 × 10 mL). After having been dried with anhydrous MgSO 4 , the organic solution was concentrated under vacuum to give crude product, which was purified by flash chromatography (eluent: CH 2 Cl 2 /EtOAc = 30:1−5:1) to afford pure DHIQs 2 (2a−d, 2g, 2h, 2j, 2m, 2n, 2q, 2t, 2u, 2v , 2x, and 2y) in 60−89% yields. Table 2 ). When the starting compound almost disappeared (checked by TLC, eluent: EtOAc/hexane = 1:2), EtONa (0.276 g, 4.056 mmol) was added, and the reaction solution was further stirred at 25°C
for t 2 h (see Table 2 ). After the reaction was complete (checked by TLC, eluent: EtOAc/hexane = 1:2), the reaction solution was poured into the mixed solution of EtOAc (30 mL) and aqueous ammonia (5 w/w %, 20 mL). After the mixture was stirred for 5 min, two phases were separated. The aqueous layer was extracted again with EtOAc (20 mL). The organic extracts were combined and washed with brine (15 mL). The organic solution was dried over anhydrous MgSO 4 and then was concentrated under vacuum to give the crude product, which was purified by flash chromatography (eluent: EtOAc/CH 2 Cl 2 = 1:10−1:4) to afford isoquinolines 3a−l in the yields as indicated in Table 2. 4.4.2. Method B. THIQ 1 (∼2.0 mmol) was dissolved in DMSO (6 mL). DBU (0.612 g, 4.020 mmol) and anhydrous CuBr 2 (0.090 g, 0.403 mmol) were added. The resulting solution was then stirred at 25°C under an open air atmosphere for t h (see Table 2 ). After the reaction was complete (checked by TLC, eluent: EtOAc/hexane = 1:2), the reaction solution was poured into the mixed solution of EtOAc (30 mL) and aqueous ammonia (5 w/w %, 20 mL). After the mixture was stirred for 5 min, two phases were separated. The aqueous layer was extracted again with EtOAc (20 mL). The organic extracts were combined and washed with brine (15 mL). The organic solution was dried over anhydrous MgSO 4 and then was concentrated under vacuum to give the crude product, which was purified by flash chromatography (eluent: EtOAc/CH 2 Cl 2 = 1:10−1:4) to afford isoquinolines 3m−y in the yields as indicated in Table 2. 4.5. General Procedure for the CuBr 2 -Catalyzed Conversion of DHIQs 2 To Isoquinolines 3. 4.5.1. Method C. DHIQ 1 (∼2.0 mmol) and anhydrous CuBr 2 (0.090 g, 0.403 mmol) were dissolved in DMSO (6 mL). EtONa (0.276 g, 4.056 mmol) was added. The resulting solution was then stirred at 25°C under an open air atmosphere for t h (see Table 3 ). After the reaction was complete (checked by TLC, eluent: EtOAc/hexane = 1:2), the reaction solution was poured into the mixed solution of EtOAc (30 mL) and aqueous ammonia (5 w/w %, 20 mL). After the mixture was stirred for 5 min, two phases were separated. The aqueous layer was extracted again with EtOAc (20 mL). The organic extracts were combined and washed with brine (15 mL). The organic solution was dried over anhydrous MgSO 4 and then was concentrated under vacuum to give the crude product, which was purified by flash chromatography (eluent: EtOAc/ CH 2 Cl 2 = 1:10−1:4) to afford isoquinolines 3a−d, 3g, 3h, and 3j in the yields as indicated in Table 3. 4.5.2. Method D. DHIQ 1 (∼2.0 mmol) and anhydrous CuBr 2 (0.090 g, 0.403 mmol) were dissolved in DMSO (6 mL). DBU (0.306 g, 2.010 mmol) was added. The resulting solution was then stirred at 25°C under an open air atmosphere for t h (see Table 3 ). After the reaction was complete (checked by TLC, eluent: EtOAc/hexane = 1:2), the reaction solution was poured into the mixed solution of EtOAc (30 mL) and aqueous ammonia (5 w/w %, 20 mL). After the mixture was stirred for 5 min, two phases were separated. The aqueous layer was extracted again with EtOAc (20 mL). The organic extracts were combined and washed with brine (15 mL). The organic solution was dried over anhydrous MgSO 4 and then was concentrated under vacuum to give the crude product, which was purified by flash chromatography (eluent: EtOAc/CH 2 Cl 2 = 1:10−1:4) to afford isoquinolines 3m, 3n, 3q, 3t, 3u, 3v, 3x, and 3y in the yields as indicated in Table 3 .
4.6. Characterization Data of Isoquinolines 3a−y. 4.6.1. 6,7-Dimethoxy-1-phenylisoquinoline (3a 8, 152.5, 149.9, 149.2, 148.9, 141.1, 133.8, 132.6, 122.4, 122.2, 118.5, 112.8, 110.8, 105.6, 105.0, 56.0, 55.9 (2C) 13 C NMR (CDCl 3 , 100 MHz): δ 152. 8, 151.0, 150.6, 143.3, 141.2, 134.1, 127.7, 127.6, 127.4, 122.1, 118.8, 105.2, 105.1, 56.1, 56.0. IR (KBr film): 2931 , 1623 , 1559 , 1509 , 1478 , 1433 , 1240 , 1160 , 1100 4, 153.0, 151.7, 139.4, 132.1, 125.1, 121.9, 106.5, 104.0, 56.2, 56.1, 22.7. IR (KBr film): 2960 , 2935 , 1621 , 1570 , 1508 , 1482 , 1440 , 1424 , 1278 , 1235 , 1206 , 1160 , 1060 4, 149.2, 148.9, 139.7, 134.1, 129.5 (2C), 129.4, 128.2 (2C), 119.6, 116.8, 104.9, 104.5, 55.6, 55.1, 23.8. IR (KBr film): 2929 , 1620 , 1561 , 1504 , 1456 , 1423 , 1249 , 1218 , 1129 , 1014 6, 152.6, 149.6, 149.3, 149.2, 148.9, 134.6, 132.8, 122.2, 120.5, 116.9, 112.9, 111.0, 105.6, 104.4, 56.0, 55.9, 55.8, 42.6, 24.2. IR (KBr film): 2934 , 1598 , 1562 , 1511 , 1466 , 1424 , 1245 , 1215 , 1142 , 1028 
13
C NMR (CDCl 3 , 100 MHz): δ 160. 4, 149.6, 149.0, 142.0, 137.0, 132.2, 130.1, 127.7, 127.2, 127.0, 126.8, 122.8, 119.7, 113.1, 110.7, 56.1, 56.0 8, 158.5, 153.0, 151.7, 139.9, 139.4, 133.3, 129.8 (2C), 128.7, 128.5 (2C), 124.4, 122.1, 106.2, 105.8, 56.2, 56.0, 52.7. IR (KBr film): 2950 , 2920 , 1707 , 1510 , 1423 , 1279 , 1260 , 1142 , 1011 4.03 (s, 3H), 3.97 (s, 3H), 3.95 (s, 3H), 3.91 (s, 3H) .
13 C NMR (CDCl 3 , 100 MHz): δ 166. 8, 158.2, 153.0, 151.6, 149.6, 149.0, 139.8, 133.4, 132.1, 124.4, 122.5, 121.8, 113.1, 110.9, 106.3, 106.0, 56.2, 56.1, 56.0 (2C), 52.7. IR (KBr film): 2958 , 2932 , 1707 , 1512 , 1426 , 1257 , 1167 , 1138 , 1029 8, 158.0, 153.0, 151.7, 148.1, 148.0, 139.9, 133.5, 133.4, 124.4, 123.8, 121.9, 110.5, 108.2, 106.3, 105.8, 101.3, 56.2, 56.1, 52.7. IR (KBr film): 2960 , 2912 , 1707 , 1505 , 1447 , 1425 , 1247 , 1201 , 1158 , 1036 7, 156.4, 153.0, 151.7, 139.4, 132.1, 125.1, 121.9, 106.5, 104.0, 56.2, 56.1, 52.7, 22.7 167.0, 163.9, 152.5, 151.5, 139.7, 132.7, 123.8, 121.4, 106.8, 103.4, 56.2, 56.1, 52.6, 31.8, 21.8 (2C) . IR (KBr film) : 2961, 1744, 1707, 1617, 1514, 1428, 1255, 1216, 1154, 1005 155.5, 153.0, 151.9, 139.0, 137.5, 132.5, 132.0, 131.4, 130.5, 129.5, 127.4, 124.2, 122.4, 107.0, 104 4, 153.0, 152.0, 148.8, 138.9, 133.8, 133.4, 132.5, 132.0, 130.3, 124.8, 123.8, 122.4, 107.2, 103.6, 56.0, 55.6, 52.2. IR (KBr film): 2951 , 1719 , 1615 , 1568 , 1527 , 1508 , 1425 , 1357 , 1257 , 1147 , 1003 8, 158.0, 153.4, 151.8, 140.0, 136.5, 133.7, 133.0, 132.1, 129.1, 128.3, 127.9, 126.3, 126.1, 126.0, 125.9, 125.4, 122.6, 106.1, 106.0, 56.3, 55.9, 52.9. IR (KBr film): 2949 , 1737 , 1715 , 1614 , 1507 , 1425 , 1253 , 1205 , 1148 6, 158.2, 154.6, 153.0, 152.1, 148.2, 139.5, 137.4, 134.0, 125.7, 124.4, 123.5, 123.2, 106.3, 106.1, 56.1, 56.0, 52.7. IR (KBr film): 2948 , 1718 , 1617 , 1588 , 1509 , 1423 , 1254 , 1203 , 1148 , 1110 , 1011 165.8, 153.5, 153.3, 144.8, 139.1, 134.3, 125.8, 125.3, 106.0, 104.8, 56.3, 56.2, 53.1, 53.0. IR (KBr film): 2955 , 1707 , 1617 , 1507 , 1426 , 1260 , 1202 , 1158 , 1120 , 1004 7, 153.0, 151.6, 144.2, 140.6, 134.5, 124.1, 123.3, 104.7, 104.4, 56.1, 56.0, 52.9 . IR (KBr film) : 2952, 1720, 1618, 1562, 1505, 1483, 1334, 1253, 1146, 994, 865 cm 13 C NMR (CDCl 3 , 100 MHz): δ 166. 4, 153.0, 151.4, 145.0, 140.6, 134.4, 123.9, 123.0, 104.7, 104.4, 61.9, 56.1, 56.0, 14.4. IR (KBr film): 2980 , 1737 , 1621 , 1565 , 1505 , 1482 , 1267 , 1148 , 1015 
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